Introduction {#sec1-1}
============

Myasthenia gravis is an autoimmune disease associated with autoantibodies directed against the nicotinic acetylcholine receptor at neuromuscular junctions (De Baets and Stasson, 2002; Poëa-Guyon et al., 2005; Nikolic et al., 2012). These antibodies interfere with synaptic transmission by reducing the number of functional receptors or by impeding interactions between acetylcholine and its receptors. Acetylcholine is the sole transmitter at the neuromuscular junction. Anti-acetylcholine receptor antibody was detected in 85--90% of myasthenia gravis patients (Lagoumintzis et al., 2010; Higuchi et al., 2011; Cossins et al., 2012; Zhang et al., 2012). Approximately 65% of anti-acetylcholine receptor antibodies directed against the main immunogenic region (residues 67--76 of α-subunit of acetylcholine receptor) are highly pathogenic (Protopapadakis et al., 2005; Konstantakaki et al., 2007; Luo et al., 2009). Therefore, pathogenic antibodies to the main immunogenic region of the anti-acetylcholine receptor have a crucial role in the pathogenesis of myasthenia gravis (Sun et al., 2010).

Single-chain variable domain fragment 637 (scFv637), a human scFv directed against the main immunogenic region of the human acetylcholine receptor, is constructed from its parental Fab637, which is isolated from thymus-derived phage display library of a myasthenia gravis patient (Graus et al., 1997). ScFv637 prevents antibodies to the main immunogenic region of the anti-acetylcholine receptor from the sera of myasthenia gravis patients binding to the human acetylcholine receptor, indicating it might be an alternative candidate for specific immunosuppressive therapy. Furthermore, it should have low immunogenicity in myasthenia gravis patients owing to its human origin (Meng et al., 2002). However, scFvs have disadvantages including a short half-life and instability. In addition, the characterization of scFv in animal models *in vivo* is difficult because of their rapid clearance from the bloodstream owing to their small size (Huston et al., 1996; Li et al., 1998; Kang et al., 1999; Kenanova et al., 2005).

It is well known that human serum albumin (HSA), the most abundant protein in plasma, is a potent carrier protein with a substantial circulatory half-life (up to 19 days in the human blood) and is widely distributed *in vivo* (Huang et al., 2008; Liu et al., 2012; Zhu et al., 2012; Ding et al., 2013). The association of immunoglobulin fragments with serum albumin, whether by conjugation, fusion or noncovalent binding, results in extended persistence in plasma (Smith et al., 2001; de Bold et al., 2012; Zhao et al., 2012). In this study, we aimed to prepare a conjugate by linking scFv with HSA to increase its half-life and improve its stability in blood.

Materials and Methods {#sec1-2}
=====================

Construction of plasmid pPIC9K-scFv637-HSA {#sec2-1}
------------------------------------------

The VH and VL genes of scFv637 were amplified from pComb3H-Fab637 by PCR, and cloned into *Nco*I and *Not*I sites of vector pHEN2 to construct recombinant vector pHEN2-scFv637 (Meng et al., 2002). The HSA gene was amplified from pUC18-HSA using primers 1--7 amino acid residues of HSA (NCBI GenBank: AF190168) (5′-AA[GAATTCGCGGCCGCA]{.ul}*GGTGGAGGCGGTTCA*GATGCACACAAGAGTGAGG-3′) and 581--585 amino acid residues of HSA (5′-AT[GGATCCTGCGGCCGC]{.ul}TAAGCCTAAGGCAGC-3′), which append a *Not*I site (underlined) and a (Gly)~4~-Ser linker (italic) into the 5′ and 3′ ends of the PCR fragment, respectively. This PCR product was digested with *Not*I, and inserted into *Not*I-digested pHEN2-scFv637 to generate the final construct, pHEN2-scFv637-HSA. Purified pHEN2-scFv637-HSA from *E. coli* DH5α (preserved in our laboratory) was subsequently transformed into *E. coli* HB2151 for expression of scFv637-HSA. The fusion gene of scFv637-HSA was amplified from pHEN2-scFv637-HSA using primers "VH" (5′-GACT[TACGTA]{.ul}GA-GGTGCAGCTGCTGGAG-3′) and "c-myc" (5′-CG[GAATTC]{.ul}ATTCAGATCCTCTTCTGAG ATG-3′), which append *Sna*BI and *Eco*RI sites (underlined) into the 5′ and 3′ ends of the PCR fragment, respectively. The PCR fragment was subcloned into pMD18-T Simple Vector after purification and addition of A-Tailing. The scFv637-HSA-T Vector fragment was cloned into pPIC9K vector after restriction digestion of the *Sna*BI and *Eco*RI sites. Competent cells of *E. coli* DH5α were prepared and transformed with pPIC9K-scFv637-HSA. The recombinant vector was sequenced to confirm the right sequence of scFv637-HSA and an open reading frame.

Expression of plasmid pPIC9K-scFv637-HSA in *Pichia pastoris* {#sec2-2}
-------------------------------------------------------------

### Electroporation {#sec3-1}

*Pichia pastoris* strain GS115 (preserved in our laboratory) was transformed by electroporation. Plasmid pPIC9K-scFv637-HSA (10 μg) was linearized with *Sal*I, phenol-chloroform extracted, ethanol precipitated, and dissolved in 10 μL of dH~2~O. Preparation of electrocompetent *Pichia pastoris* strain GS115 was performed using *Pichia* Expression Kit (Invitrogen, Carlsbad, CA, USA). Eighty microliters of competent cells were mixed with 10 μg of linearized pPIC9K-scFv637-HSA DNA in a 0.2 cm electroporation cuvette, incubated on ice for 5 minutes, and electroporated in an Electroporation Generator (BTX, A Division of Genetronics Inc., San Diego, CA, USA). Electroporation conditions were C = 25 μF, PC = 200 Ω, V = 1.5 kV. After pulsing, 1 mL of ice-cold 1 mol/L sterilized sorbitol was added immediately to the cuvette, and the cells transferred to a sterile 1.5 mL centrifuge tube on ice again. Electroporated cells (400 μL) were spread onto MD plate and incubated for 2 days at 30°C. A number of colonies were then restreaked onto MD plates to isolate single colonies for PCR analysis and expression studies.

### PCR analysis and selection of positive transformants {#sec3-2}

GS115 positive transformants were analyzed for the presence of pPIC9K-scFv637-HSA constructs using PCR with primers (5′ VH, GAC TTA CGT AGA GGT GCA GCT GCT GGA G, 3′ c-myc, CGG AAT TCA TTC AGA TCC TCT TCT GAG ATG). PCR components and conditions were as follows: 20 × MgCl~2~-Free buffer, 1 Unit Taq polymerase, 1 Unit Pfu polymerase and 15 pmol/L each primer 5′ VH and 3′ c-myc, at 94°C for 5 minutes, 1 cycle; at 94°C for 1 minute, at 55°C for 1 minute, at 72°C for 4 minutes, 30 cycles; and at 72°C for 5 minutes, 1 cycle. Positive transformants were selected and spread onto yeast extract peptone dextrose medium plates containing 2.0, 3.0 and 4.0 mg/mL G418 respectively, and incubated for 2--3 days at 30°C.

### Expression and screening of scFv637-HSA {#sec3-3}

G418-resistant transformants were grown overnight in buffered methanol-complex medium at 30°C and shaking at 280 r/min in 50 mL centrifuge tubes until the absorbance at 600 nm was 2--6. The cells were recovered by centrifugation and resuspended in buffered methanol-complex medium to 1.0 of an absorbance for induction, and grown again at 30°C, 280 r/min in 250 mL glass culture tubes. Fresh methanol was added to a total of 1% to maintain induction every 24 hours. Fusion proteins were measured at 24, 48, 72, 96, and 132 hours post-induction in 1 mL media by centrifugation. After 132 hours, the supernatants were concentrated 25 times by lyophilization. Samples of the supernatants were analyzed by electrophoresis on NEXT GEL™ 10% (Amresco, Solon, OH, USA) followed by Coomassie brilliant blue (Sigma, St. Louis, MO, USA) staining and western blot analysis. Western blot analysis was achieved using a wet blotting method with the MINI-TRANS-BLOT electrophoretic transfer system (Bio-RAD, Hercules, CA, USA), with NEXT GEL™ electrophoretic buffer (Amresco) at 90 V for 2 hours. The protein samples were detected using a mouse anti-c-myc monoclonal antibody (1 μg/mL; Santa Cruz Biotechnology, Dallas, TX, USA) and goat anti-mouse IgG conjugated with horseradish peroxidase (0.08 μg/mL; Jackson ImmunoResearch, West Grove, PA, USA). The horseradish peroxidase activity was visualized with DAB.

### Immunofluorescence staining of scFv637-HSA expression in human intercostal muscle {#sec3-4}

Binding of scFv637-HSA to acetylcholine receptor *in situ* at the neuromuscular junction was verified by immunohistochemical staining on human intercostal muscle frozen sections (Yanbian University, Yanji, Jilin Province, China). Slides were incubated with supernatants of media above for 60 minutes at 37°C, and then washed three times with 0.01 mol/L PBS (pH 7.4) for 5 minutes each time. Subsequently, sections were incubated with 1:100 diluted mouse anti-c-myc mAb together with rhodamine-labeled α-bungarotoxin (Sigma), and fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (1:1,000; Sino-American Biotechnology, Beijing, China) for 30 minutes at 37°C after washing with PBS. As a negative control, sections were incubated with PBS instead of primary antibody. This study was in accordance with the guideline established by the Ethical Review Committee at Yanbian University, China.

### Inhibition of scFv637-HSA on the binding of myasthenia gravis patient sera to human acetylcholine receptor {#sec3-5}

The capacity of scFv-HSA to inhibit the binding of serum anti-human acetylcholine receptor antibodies from myasthenia gravis patients *in vitro* was measured using a competitive ELISA kit (Institute of Neurology, Huashan Hospital, Fudan University, Shanghai, China). Twelve cases of myasthenia gravis patient sera with positive anti-acetylcholine receptor antibodies (Yanbian Wenhuan Ma Institute of Myasthenia Gravis, Yanji, Jilin Province, China) were tested. One hundred microliters of concentrated samples were added to wells of a human acetylcholine receptor-coated ELISA plate and incubated for 1 hour at 37°C. After rinsing, 100 μL myasthenia gravis patient sera was added and incubated for 1 hour at 37°C. After rinsing, the inhibition of scFv-HSA was measured by incubation with goat anti-human IgG conjugated with horseradish peroxidase (1:1,000; Jackson ImmunoResearch, West Grove, PA, USA). o-Phenylenediamine and H~2~O~2~ in buffer were then added and the absorbance values at 492 nm were recorded (Microplate reader, Thermo Electron Corporation, Vantaa, Finland). The result was expressed as a percentage of inhibition of myasthenia gravis patient sera binding. This study was performed in accordance with the guidelines established by the Local Ethical Review Committee at Yanbian University, China.

### Stability of scFv637-HSA in static healthy sera {#sec3-6}

Concentrated supernatants containing fusion protein scFv637-HSA were mixed and preserved in sterilized healthy sera for 7 days at 37°C water-bath. Mixed sample (100 μL) was stored at 4°C everyday to detect its inhibition by competitive ELISA as above.

### Statistical analysis {#sec3-7}

All data presented were expressed as mean ± SEM. Graphpad Prism 5.0 statistical software (GraphPad Software, San Diego, CA, USA) was used for statistical analysis of experimental data.

Results {#sec1-3}
=======

Construction and expression of ScFv637-HSA {#sec2-3}
------------------------------------------

scFv637-HSA was cloned and purified from *E. coli*, DH5α by PCR. The size of scFv637-HSA-His-c-myc was 2,607 bp including *scFv637*, *Linker1*, *HSA*, *Linker2*, *His*, *Linker3* and *c-myc*, as checked by gene sequencing. A band of about 2,600 bp appeared after digestion of recombinant T Simple Vector by *Sna*BI, *Eco*RI and *Pvu*I ([Figure 1](#F1){ref-type="fig"}). Since the sizes of T Vector and insert (scFv637-HSA-His-c-myc) are similar, it is difficult to distinguish them by electrophoresis. However, only T Simple Vector has a *Pvu*I site, but no insert. The scFv construct was successfully inserted into the *Sna*BI and *Eco*RI sites of pPIC9K as shown by PCR ([Figure 2](#F2){ref-type="fig"}).

![PCR results of recombinant plasmid pMD18-T Simple Vector-single-chain variable domain fragmeng 637-human serum albumin digested with *Sna*BI */Eco*RI */Pvu*I.\
Lanes 1 and 4 are DNA marker DL2000 and λ-*Hin*d III DNA marker, respectively. Lanes 2 and 3 are digested with *Sna*BI */Eco*RI */Pvu*I.](NRR-9-851-g001){#F1}

![PCR detection of recombinant vector after electroporation into GS115.\
Lane 1 is λ-*Hin*d III DNA marker. Lanes 2--6 are PCR products amplified from the genome DNA of GS115 (pPIC9K-ScFv637-HSA). Lane 5 is a positive sample used for all following experiments. scFv: Single-chain variable domain fragment; HSA: human serum albumin.](NRR-9-851-g002){#F2}

*Pichia pastoris* was chosen to express the fusion protein to increase the expression quantity and improve its functions. The eukaryotic kanamycin resistance gene confers resistance to the related antibiotic G418. The level of G418 resistance can be roughly correlated to vector copy number (Scorer et al., 1994). *Pichia pastoris* must be first transformed to His^+^ prototrophy; then multicopy transformants are screened by replicaplating to plates containing G418. There were 10, 8 and 2 positive transformants on the yeast extract peptone dextrose medium plates containing 2.0, 3.0 and 4.0 mg/mL G418, respectively. The molecular weight of the fusion protein was 89 kDa as shown by western blot analysis ([Figure 3](#F3){ref-type="fig"}).

![Western blot analysis of fusion protein scFv637-HSA.\
Lane 1 is the molecular protein standards. Lanes 2--4 are expressed fusion proteins measured at 24, 48 and 72 hours post-induction, respectively. Lanes 5--7 are negative controls measured at 24, 48 and 72 hours post-induction, respectively. scFv637: Single-chain variable domain fragment 637; HSA: human serum albumin.](NRR-9-851-g003){#F3}

Binding of ScFv637-HSA to acetylcholine receptor in human intercostal muscle {#sec2-4}
----------------------------------------------------------------------------

ScFv637-HSA could bind to acetylcholine receptor *in situ* at the neuromuscular junction of human intercostal muscles, indicated by immunohistochemical staining ([Figure 4](#F4){ref-type="fig"}).

![Binding of single-chain single-chain variable domain fragment 637-human serum albumin (scFv637-HSA) to acetylcholine receptor (AChR) *in situ* at neuromuscular junctions of human intercostal (immunohistochemical staining, × 200).\
(A) The binding of scFv637-HSA to AChR at the endplate was demonstrated by immunohistochemical staining. (B) As a negative control, sections were incubated with PBS instead of scFv637-HSA. (A1, B1) Mouse antic-myc monoclonal antibody (mAb) was used as second antibody and goat anti-mouse IgG conjugated with fluorescein isothiocyanate was used for visualization. (A2, B2) Rhodamine-labeled α-bungarotoxin (α-BT^Rh^) was used to co-localize the same endplates. Green represents c-myc positive expression and red represents α-BT^Rh^ positive expression.](NRR-9-851-g004){#F4}

Inhibition of scFv637-HSA in myasthenia gravis patient sera {#sec2-5}
-----------------------------------------------------------

In the sera from 12 myasthenia gravis patients, the inhibition rate of binding to acetylcholine receptor was 2.0--77.4% ([Figure 5](#F5){ref-type="fig"}). The mean inhibition rate was 31.4%.

![Competitive inhibition of binding to acetylcholine receptor (AChR) in myasthenia gravis (MG) patient sera by single-chain single-chain variable domain fragment 637-human serum albumin (scFv637-HSA).\
The capacity of ScFv637-HSA to protect human AChR from binding by MG patient sera was tested by competitive ELISA. The result is expressed as a percentage of inhibition of binding of MG patient sera (mean ± SEM).](NRR-9-851-g005){#F5}

Stability of scFv637-HSA in static healthy sera {#sec2-6}
-----------------------------------------------

The stability of scFv637-HSA in static healthy sera was maintained for about 3 days. The inhibition rate was 65.1%, 32.8% and 31.3% per day, respectively ([Figure 6](#F6){ref-type="fig"}). From the fourth day, the inhibition rate decreased to zero and the fusion protein had no activity.

![The stability of single-chain variable domain fragment 637-human serum albumin (scFv637-HSA) in static healthy sera.\
The inhibition rate of scFv637-HSA gradually decreased with time. The stability time of scFv637-HSA was shorter than the half-life of HSA, but longer than that of scFv. 1--5: 1--5 days after scFv637-HSA was preserved in sterilized healthy sera.](NRR-9-851-g006){#F6}

Discussion {#sec1-4}
==========

Small recombinant antibody molecules such as scFv are rapidly cleared from the circulation. Usually, the chemical conjugation of small recombinant proteins to polyethylene glycol (PEG) is an established strategy to extend their typically short circulation times to a therapeutically useful range (Schlapschy et al., 2007; Noberini et al., 2011; Danial et al., 2012; Kumagai et al., 2012). Biologically active peptides or low molecular weight protein can be fused genetically to HSA, which has a longer plasma half-life so the short peptide half-life can be extended (Kenanova et al., 2010; Furukawa et al., 2011; Lee et al., 2011; Lei et al., 2012; Yang et al., 2012). For example, extended plasma half-life of bispecific single-chain diabodies (scDb) possessing a molecular mass of approximately 55 kDa have been achieved by various strategies including PEGylation, N-glycosylation and fusion to an albumin-binding domain (ABD) from *streptococcal* protein G (Stork et al., 2009).

In this study, we describe a strategy to successfully yield recombinant scFv637-HSA against the main immunogenic region of acetylcholine receptor using *Pichia pastoris* expression technology. The aim of this study was to produce an anti-acetylcholine receptor scFv637-HSA. The binding of anti-acetylcholine receptor scFv to acetylcholine receptor could block pathogenic antibodies from binding to acetylcholine receptors. Accordingly, acetylcholine receptors were protected. An approximately 89 kDa protein band was confirmed *via* western blot analysis using anti-c-myc monoclonal antibodies, suggesting the secreted fusion protein was intact. By immunofluorescence analysis, green staining was observed around human intercostal muscles, revealing that the character of the fusion protein binding to human acetylcholine receptor was retained. Furthermore, the ability of scFv to bind to acetylcholine receptors was not affected by conjunction with the HSA gene. Inhibition of the binding of pathogenic antibodies from myasthenia gravis patient sera to human acetylcholine receptors was 77.4% (maximum) by ELISA. The fusion protein from scFv637-HSA was effective in protecting acetylcholine receptors. However, the inhibition was only 2.0% in the fifth case, probably owing to the very high affinity of pathogenic antibodies to human acetylcholine receptors. The inhibition rate of the scFv637-HSA was still 31.3% in static healthy sera at day 3. However, from the fourth day, the inhibition rate decreased to zero. Thus, activity of the fusion protein was maintained for about 3 days. This result was similar with the observation by Stork (Stork et al., 2009) where PEGylated scDb and scDb-ABD were present in high concentrations in the blood, which resulted in increased levels in other organs. Tumor-to-blood ratios of scDb-A′-PEG~40k~ and scDb-ABD in CEA^+^ tumors were weaker and gradually increased to a value of 1.5 and 3, respectively, at day 4. Its stability is lower than the half-life of HSA (19 days). This short half-life observed was different from the result by Smith (Smith et al., 2001), but it was higher than the half-life of scFv.

The scFv637-HSA fusion protein was successfully expressed in *Pichia pastoris*, indicating it might be a potential candidate for specific immunosuppressive therapy of myasthenia gravis.
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